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1.  Introduction 


Specimens  retrieved  from  the  Long  Duration  Exposure  Facility  (LDEF)  showed  dramatic  differ¬ 
ences  between  the  response  of  materials  located  on  the  leading  edge  (LE)  and  those  on  the  trail¬ 
ing  edge  (TE).  These  differences  are  largely  attributed  to  the  high  fluence  of  atomic  oxygen  to 
which  the  leading-edge  specimens  were  exposed.*  The  synergistic  effects  between  UV  radiation 
and  atomic  oxygen  have  also  received  much  attention  since  the  return  of  LDEF.  Typical 
responses  of  white  thermal-control  paints  on  the  trailing  edge  included  darkening  due  to  the  UV 
exposure.  However,  paint  specimens  on  the  leading  edge  of  LDEF  in  many  cases  retained  their 
white  properties,  presumably  due  to  the  scrubbing  effects  of  atomic  oxygen,  which  removed  the 
UV  damaged  layer.  Contamination  on  LDEF  has,  and  continues  to  be,  actively  investigated, 
especially  with  respect  to  reaction  with  UV  and  atomic  oxygen.^“^ 

The  purpose  of  this  experiment  was  twofold.  First,  we  wished  to  simulate  LDEF  LE  phenomena 
by  exposing  TE  samples  of  white  paints  to  low  Earth  orbit  atomic  oxygen.  Second,  we  wanted  to 
see  if  contamination  layers  on  TE  specimens  could  be  removed  and/or  chemically  altered  by  the 
atomic-oxygen  exposure.  The  exposure  of  these  materials  on  EOIM-III  can  be  compared  to 
recent  results  obtained  from  ground-based,  atomic-oxygen  exposures  using  0-atom  facilities  at 
Los  Alamos  National  Laboratory  (LANL). 


1 


2.  Flight  Description 


The  third  Effects  of  Oxygen  Interaction  with  Materials  (EOIM-III)  experiment  flew  on  STS-46 
from  July  31  to  August  8,  1992.  The  EOIM-III  sample  tray  was  exposed  to  the  low  Earth  orbit 
space  environment  for  58.55  h  at  an  altitude  of  124  nmi.  The  sample  tray  was  exposed  to  a  cal¬ 
culated  total  atomic-oxygen  (AO)  fluence  of  1.99  x  10^*^  atoms/cm^.  Five  samples  previously 
flown  on  the  M0003  LDEF  experiment  were  included  on  the  Aerospace  experiments  tray:  (1) 
Chemglaze  A276  white  thermal  control  pSnt  from  the  LDEF  trSling  edge  (TE);  (2)  S13GLO 
white  thermal  control  paint  from  the  LDEF  TE;  (3)  S13GLO  from  the  LDEF  leading  edge  (LE) 
with  a  visible  contamination  layer  from  the  LDEF  mission;  (4)  Z306  black  thermal  control  pmnt 
from  the  LDEF  TE  with  a  contamination  layer;  and  (5)  anodized  Suminum  from  the  LDEF  TE 
with  a  contamination  layer. 
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3.  Sample  Description  and  Preparation 


Chemglaze  A276  is  a  white  thermal  control  paint  manufactured  by  Lord  Corporation  that  consists 
of  primarily  a  titanium  dioxide  pigment  in  a  polyurethane  binder.  This  paint  was  used  on  LDEF 
as  a  thermal  control  coating  on  the  Experiment  Power  and  Data  System  (EPDS)  sunshields.  The 
samples  used  for  EOIM-in  were  sectioned  from  The  Aerospace  Corporation  LDEF  experiment 
EPDS  sunshield  located  on  the  LDEF  trailing  edge  at  D4.^  The  sunshield  exposure  was  10,400 
equivalent  sun  hours  of  UV  radiation  and  an  atomic-oxygen  fluence  of  2.31  x  10^  atoms/cm^ 
during  the  LDEF  mission.^’!®  Unlike  leading-edge  samples  of  Chemglaze  A276,  these  samples 
did  not  show  evidence  of  atomic  oxygen  erosion  from  the  LDEF  mission  due  to  their  exposure  to 
a  much  lower  atomic  oxygen  fluence  (by  about  17  orders  of  magnitude). The  samples  rather 
had  been  considerably  darkened  from  UV  radiation  but  remained  quite  glossy  and  specular. 

S13GLO  is  a  white  thermal  control  paint  manufactured  by  ITTRI  that  incorporates  a  zinc  oxide 
pigment  in  a  methyl  silicone  binder.  The  ZnO  pigment  is  encapsulated  with  potassium  silicate  for 
increased  radiation  stability.  The  samples  were  sectioned  from  the  leading-  and  trailing-edge 
signal  conditioning  unit  (SCU)  covers  on  trays  D8  and  D4,  respectively.  ^  The  LE  samples  had 
previously  been  exposed  to  9400  equivalent  sun  hours  of  UV  radiation  and  an  atomic  oxygen 
fluence  of  8.99  x  10^^  atoms/cm^.^’^*^  The  LE  samples  used  for  the  EOIM-in  experiment  were 
contaminated  with  a  dark-brown/tan  contamination  layer,  which  significantly  increased  the  paint’s 
solar  absorptance.  However,  the  samples  were  taken  from  the  side  of  the  SCU  cover  so  they  saw 
no  direct  exposure  to  atomic  oxygen,  but  may  have  seen  some  reflected  or  scattered  AO  during 
the  LDEF  mission.  The  contamination  was  the  result  of  venting  of  contamination  from  the  inte¬ 
rior  of  LDEF. 

The  TE  S13GLO  samples  used  for  the  EOIM-in  experiment,  like  the  Chemglaze  All 6  TE  sam¬ 
ples,  were  exposed  to  10,400  equivalent  sun  hours  of  UV  radiation  and  an  atomic  oxygen  fluence 
of  2.31  X  10^  atoms/cm^.^'^®  These  samples  had  also  been  significantly  darkened  by  the  UV 
exposure.^  There  was  no  significant  contamination  layer  on  these  samples,  as  was  the  case  for  the 
LE  specimens. 

Chemglaze  Z306  is  a  black  thermal  control  paint  manufactured  by  Lord  Corporation  that  incor¬ 
porates  a  carbon-black  pigment  in  a  polyurethane  binder.  Samples  were  sectioned  from  a  mod¬ 
ule  backing  plate  on  the  LDEF  trailing  edge  tray  at  location  D3.  This  painted  surface  was  facing 
inside  of  LDEF  and,  therefore,  was  not  subjected  to  UV  radiation  or  atomic  oxygen  impingement. 
The  backing  plate  did,  however,  have  a  visible  contamination  layer  from  the  outgassing  of  various 
components  and/or  experiments  on  LDEF. 

Anodized  aluminum  samples  were  sectioned  from  the  environmental  exposure  control  canister 
(EECC)  located  on  the  LDEF  trailing  edge  at  D4.  Consequently,  it  had  been  exposed  to  10,400 
equivalent  sun  hours  of  UV  radiation  and  an  atomic  oxygen  fluence  of  2.31  x  10^ 
atoms/cm^.^’^®  A  light-brown  contamination  layer  was  present  on  the  surface  due  to  the  out- 
gassing  of  various  components  and/or  experiments  on  LDEF  and  their  subsequent  photo-fixing 
from  the  UV  exposure.^ 
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The  samples  were  sectioned  into  several  l-in.-diam  discs.  The  following  sample  notation  and 
descriptions  were  used  for  identification  purposes: 

EOIM3-X-Y 

where  X  =  Material  Designation  as  follows: 

1  =  Chemglaze  A276  white  thermal  control  paint  on  aluminum  substrate 

from  trailing  edge  of  LDEF  (D4  sunshield) 

2  -  S 13GLO  white  thermal  control  paint  on  aluminum  substrate  from 

trailing  edge  of  LDEF  (D4  signal  conditioning  unit  cover) 

3  =  S13GLO  white  thermal  control  paint  on  aluminum  substrate  from 

leading  edge  of  LDEF  with  contamination  stain  (D8  signal  condi¬ 
tioning  unit  cover) 

4  =  Z306  black  thermal  control  paint  on  aluminum  substrate  from  trail¬ 

ing  edge  of  LDEF  with  contamination  stain  (Interior  module 
backing  plate  from  tray  D3) 

5  =  Aluminum  section  from  trailing  edge  of  LDEF  with  contamination 

stain  (D4  EECC  sunshield) 

Y  =  Sample  use  designation  as  follows: 

1  =  Flight  sample 

2  =  Control  Sample 

3-5  =  LANL,  Analysis  samples 

All  samples  were  baked  for  at  least  24  h  at  a  minimum  temperature  of  65°C  and  a  maximum 
pressure  of  2  x  10“^  torr  to  meet  EOIM-III  flight  contamination  requirements. 
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4.  Experimental 


The  flight  samples  were  characterized  before  and  after  the  EOfM-III  mission  and  compared  to 
the  control  samples.  Sample  weight,  solar  absorptance,  surface  analysis,  and  surface  morphology 
were  all  determined  for  each  sample  by  the  methods  described  below. 

Changes  in  the  optical  properties  of  thermal  control  materials,  especially  solar  absorptance,  is  the 
primary  indication  of  degradation  after  exposure  to  the  space  environment.  Diffuse  reflectance 
spectra  of  the  samples  from  250-2500  nm  were  obtained  using  a  Perkin-Elmer  Lambda  9 
UVA^IS/NIR  spectrophotometer  equipped  with  a  barium  sulfate  integrating  sphere.  Solar  absorp¬ 
tance  values  for  each  sample  were  calculated  from  the  spectra  after  normalization  to  a  NIST 
diffuse-reflectance  standard.  The  precision  of  the  measurement  is  ±0.003;  however,  absorption 
of  the  material  outside  the  range  of  measurement  can  produce  errors  in  accuracy  of  4%. 

X-ray  Photoelectron  Spectroscopy  (XPS)  was  used  to  investigate  the  surface  chemistry  of  the 
samples  and  to  detect  any  surface  compositional  changes.  A  VG  Scientific  ESCALAB  MK  n 
multiprobe  instrument  was  used  for  the  XPS  analyses.  The  samples  were  mounted  on  sample 
stubs  with  double-sided  tape.  Survey  scans  from  0  to  1100  eV  binding  energy  were  acquired 
with  a  Mg  Ka  source  to  qualitatively  determine  the  sample  surface  composition.  Analysis  areas 
were  about  4x5  mm  in  size  and  to  a  depth  of  50-lOOA.  High-resolution  elemental  scans  were 
subsequently  run  to  obtain  semi-quantitative  elemental  analyses  from  peak  area  measurements 
and  chemical  state  information  from  the  details  of  binding  energy  and  shape.  Measured  peak 
areas  for  all  detected  elements  were  corrected  by  elemental  sensitivity  factors  before  normaliza¬ 
tion  to  give  surface  mole  %.  The  quantization  error  on  a  relative  basis  is  <10%  of  the  measure¬ 
ment  for  components  with  a  surface  concentration  >1  mole  %.  Large  uncertainties  in  the  relative 
elemental  sensitivity  factors  can  introduce  absolute  errors  of  a  factor  of  2  or  even  greater.  The 
detection  limit  is  about  0.1  surface  mole  %,  but  spectral  overlaps  between  large  and  small  peaks 
can  make  it  impossible  to  detect  minor  components,  particularly  when  more  than  one  chemical 
state  is  present  for  a  given  element.^  ^ 

Changes  in  surface  composition  and  stracture  were  also  investigated  using  Fourier-Transform 
Infrared  Spectroscopy  (FUR).  FTTR  spectra  were  obtained  by  the  diffuse  reflectance  method 
using  a  Nicolet  MX-1  infrared  spectrometer  scanning  from  4000  to  400  cm-^. 

The  surface  morphologies  of  the  control  and  flight  samples  were  compared  using  a  JEOL  JSM- 
840  Scanning  Electron  Microscope  (SEM).  An  accelerating  voltage  of  15  keV  was  used  for  all 
sample  observations.  Photographs  of  the  samples  were  taken  at  magnifications  from  100-5000X. 
It  was  necessary  to  carbon-coat  the  paint  samples  prior  to  analyses  to  eliminate  the  surface 
charging  effects  that  distorted  the  SEM  images. 
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5.  Results 


Optical  and  surface  analysis  measurements  were  performed  on  all  of  the  flight  and  control  sam¬ 
ples,  both  before  and  after  the  EOIM-III  mission.  However,  due  to  the  destructive  nature  of  the 
SEM  investigations  (i.e.,  carbon-coating  the  samples),  no  preflight  SEM  analyses  were  performed 
on  the  flight  samples.  Thus,  comparisons  were  made  between  post-flight  and  control  samples. 

Pre-  and  post-flight  weight  measurements  of  the  samples  are  listed  in  Table  1.  Quantitative  con¬ 
clusions  from  these  measurements  are  difficult  since  there  was  some  contamination  of  many 
samples  during  the  EOIM-III  mission.  However,  the  measurements  are  qualitatively  consistent 
with  the  other  results,  as  discussed  below.  The  net  weight  gain  for  the  S13GLO  samples  is 
unusual  and  may  be  due  to  re-absorption  of  water  vapor  postflight. 


Table  1.  Weights  of  EOIM-III  Samples 


Sample 

Sample  ID 

Weight  (g) 

Pre-flight 

Post-flight 

Change 

Chemglaze  A276 

EOIM3*1-1 

1.394380 

1.394300 

-0.000080 

S13GLOTE 

EOIM3-2-1 

1.323910 

1.324040 

+0.000130 

S13GLOLE 

EOIM3-3-1 

1.300280 

1.300810 

+0.000530 

Chemglaze  Z306 

EOIM3-4-1 

Z191500 

2191410 

-0.000090 

Aluminum 

EOIM3-5-1 

2.241205 

2241180 

^.000025 

5.1  Chemglaze  A276  (TE) 

The  trailing-edge  LDEF  sample  (EOIM3-1-1)  of  Chemglaze  A276  showed  marked  changes  due 
to  the  EOIM-III  exposure,  as  expected.  Visual  inspection  revealed  that  the  sample  changed  from 
brown  to  white  during  the  experiment,  and  the  surface  became  more  diffuse.  A  photograph  of 
the  post-flight  sample  is  shown  in  Figure  1.  The  UV-VIS-NIR  spectra  (Figure  2)  show  increased 
reflectance  after  the  exposure  and  that  the  change  in  the  material  primarily  occurred  in  the  visi¬ 
ble-wavelength  range.  The  solar  absorptance  decreased  from  0.528  to  0.295  (Table  2). 


Reflectance 


EOIM  3 
F  A276'  Triiilina 


Figure  1.  Post-flight  photograph  of  EOIM3-1-1,  Chemglaze  A276  LDEF  TE. 
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Figure  2.  Reflectance  spectra  of  EOIM3-1-1,  Chemglaze  A276  LDEF  TE, 
before  and  after  atomic-oxygen  exposure. 


Table  2.  Solar  Absorptance  Calculations  of  EOIM-in  Samples 


Sample 


ChemglazeA276 


S13GLO 


S13GLO 


Chemglaze2306 


Aluminum 


Sample  ID 


EOIM3-1-1 

E01M3-1-2 

EOIM3-1-3 


E01M3-2-1 

EOIM3-2-2 

EOIM3-2-3 


EOIM3<3-1 

EOIM3-3-2 


EOIM3-4-1 

EOIM3-4-2 


EOIM3-5-1 

E01M3-5-2 


Type 


Right 

Control 

LANL 


Right 

Control 

LANL 


Right 

Control 


Right 

Control 


Right 

Control 


Solar  Absorptance 


Pre-flight  Post-flight  Change 


0.528  0.295  -0.233 


0.295 

-0233 

0.534 

-0.003 

0258 

-0278 

0.355 

-0.062 

^  0-422 

-0.002 

!  0.386 

-0.036 

'  0.515 

-K).008 

;  0.506 

-0.009 

Investigation  of  the  surface  morphology  by  SEM  (Figure  3)  indicates  the  expected  changes  due 
to  the  atomic  oxygen  exposure.  The  flight  sample,  in  comparison  to  the  ground  control,  indi¬ 
cates  a  significant  roughening  of  the  surface  from  erosion.  The  control  sample,  which  has  not 
been  exposed  to  significant  amounts  of  atomic  oxygen,  appears  to  be  relatively  intact  with  the 
titanium  dioxide  pigment  particles  dispersed  throughout  the  polyurethane  binder.  However,  the 
polyurethane  binder  on  the  surface  of  the  flight  sample  was  eroded  away,  leaving  a  surface  that  is 
primarily  titanium  dioxide  pigment.  These  differences  were  also  seen  between  LDEF  leading- 
and  trailing-edge  samples. 


Preflight 


Postflight 


Figure  3.  SEM  photographs  of  EOIM3-1-1,  Chemglaze  A276  LDEF  TE, 

before  (left)  and  after  (right)  atomic  oxygen  exposure. 
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The  preflight  and  postflight  FTIR  spectra  of  the  Chemglaze  A216  sample  are  shown  in  Figure  4. 
There  is  an  apparent  reduction  in  infrared  absorption  throughout  the  wavelength  range,  suggest¬ 
ing  a  thinning  of  the  polyurethane  binder  layer  from  atomic-oxygen  erosion.  This  is  consistent 
with  the  SEM  observations.  However,  no  significant  spectral  shifts  or  intensity-ratio  changes  were 
observed,  suggesting  uniform  erosion  of  the  polyurethane.  There  appears  to  be  a  small  change  in 
the  absorption  ratio  at  750  cm-^,  which  may  be  due  to  removal  of  aromatic  hydrogens  in  the 
polyurethane. 

The  XPS  results  for  the  Chemglaze  A276  sample  (Table  3)  indicate  changes  to  the  surface 
chemical  composition.^^  The  preflight  surface  silicon  is  presumably  due  to  contamination.  An 
increase  of  6.5  atom  %  of  surface  silicon  was  detected  on  the  post-flight  sample,  which  is 
attributed  to  flight  contamination  and  uncovering  of  an  aluminum  silicate  filler/extender  (used  in 
the  Chemglaze  paints)  as  the  binder  erodes  away.^  The  corresponding  increase  in  aluminum  is 
consistent  with  this  hypothesis.  The  40%  decrease  in  carbon  concentration  is  explained  by  loss  of 
surface  carbon  contamination  and  polyurethane  binder  by  reaction  with  atomic  oxygen.  The 
increase  in  surface  oxygen  could  be  due  to  deposition  of  silicone  contaminants  during  the 
EOIM-ni  mission,  exposure  of  the  aluminum  silicate,  or  oxidation  of  surface  silicones.  TTie  pre¬ 
dominant  chemical  state  of  silicon  on  all  Chemglaze  A276  samples  appeared  to  be  silica,  Si02, 
based  on  a  Si2p  binding  energy  close  to  103.5  eV  after  charge  correction.  Silica  is  thought  to  be 
a  degradation  product  of  Silicone  contaminants  upon  atomic  oxygen  exposure  and  for  UV 
radiation  damage.  Other  samples  on  the  Aerospace  EOIM-HI  tray  had  postflight  increases  in  sur¬ 
face  silicon  that  had  to  have  been  caused  by  flight  contammation.^^  The  small  increase  in  tita¬ 
nium  signal  and  decrease  in  nitrogen  concentration  are  also  consistent  with  loss  of  surface  binder. 
Pre-flight  contamination  is  presumed  to  be  responsible  for  the  surface  tin  signal. 


Figure  4.  FTIR  spectra  of  EOIM3-1-1,  Chemglaze  A276  LDEF  IE,  before 
and  after  atomic-oxygen  exposure. 
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Table  3.  XPS  Surface  Analysis  of  EOIM-III  Right  Samples 


Sample 

C 

0 

Si 

Surface  Mole  %  (Normalized) 

Sn  Ti  N  S  Cl 

Na 

F 

Al 

Chemglaze  A276  (TE): 
EOIM3-M 

Pre-flight 

51 

38 

5.5 

0.7 

trace 

3.1 

0.4 

0.2 

0.5 

0.6 

-0.2 

Post-flight 

30 

51 

12 

1.1 

0.4 

2.7 

0.2 

trace 

1.7 

0.4 

-3 

EOIM3-1-3  (LAND 
Pre-exposure 

50 

38 

7.5 

0.5 

trace 

29 

0.4 

0.1 

0.4 

0.4 

-0.2 

Post-exposure 

23 

52 

14 

1.2 

0.6 

1.2 

0.5 

nd 

1.6 

0.2 

6.1 

2306  (TE,  contaminated): 
E01M3-4-1 

Pre-flight 

30 

53 

15 

0.1 

nd 

1.4 

0.2 

nd 

0.1 

0.3 

Post-flight 

23 

56 

19 

0.1 

nd 

1.1 

trace 

nd 

trace 

0.2 

Surface  Mole  %  (Normalized) 


Sample 

C 

O 

Si 

K 

Zn 

N 

S 

Cl 

Na 

F 

S13GLO(TE): 

EOIM3-2-1 

Pre-flight 

33 

43 

19 

0.6 

0.3 

22 

0.5 

0.4 

0.5 

0.4 

Post-flight 

22 

47 

25 

0.8 

1.8 

22 

0.1 

1.1 

0.4 

0.1 

E01M3-2-3  (LAND 
Pre-exposure 

34 

41 

21 

0.6 

0.4 

1.9 

0.6 

0.4 

0.3 

0.2 

Post-exposure 

21 

49 

28 

02 

0.3 

0.7 

0.3 

0.2 

0.1 

nd 

S13GLO  (LE,  contaminated): 
E01M3-3-1 

Pre-flight 

19 

S3 

28 

nd 

nd 

0.2 

0.2 

nd 

nd 

nd 

Post-flight 

16 

55 

29 

nd 

trace 

0.2 

trace 

trace 

nd 

0.1 

Surface  Mole  ‘ 

7o  (Normalized) 

Sample 

C 

0 

Si 

Ai 

Sn 

K 

Ca 

N 

S 

Cl 

Na 

F 

Anodized  Aluminum  (TE,  contaminated): 

EOIM  3-5-1 

Pre-flight 

46 

37 

5.7 

4.8 

0.4 

0.3 

0.3 

1.7 

0.3 

0.2 

24 

0.4 

Post-flight 

11 

57 

11 

14 

0.5 

0.8 

0.2 

0.5 

0.6 

0.3 

23 

2 
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The  sample  weight  of  the  Chemglaze  A276  sample  (Table  1)  shows  a  net  decrease,  which  is 
consistant  with  the  observation  that  atomic  oxygen  erosion  caused  removal  of  the  polyurethane 
binder. 


5.2  S13GLO  (TE) 

The  S13GLO  sample  from  the  trailing  edge  of  LDEF  visually  appeared  whiter  in  comparison  to 
the  control  sample  and  to  the  masked  region  of  the  flight  sample  (Figure  5).  The  sample  exhib¬ 
ited  increased  post-flight  reflectance  in  the  visible  wavelength  range  (Figure  6),  resulting  in  a 
decreased  solar  absorptance  from  0.417  to  0.355  (Table  1). 


EOIM  3-1 


Figure  5.  Post-flight  photograph  of  EOIM3-2-1,  S13GLO  LDEF  TE 


2000 


2500 


Wavelength,  nm 

Reflectance  spectra  of  EOIM3-2-1,  S13GLO  LDEF  TE,  before  and 
after  atomic  oxygen  exposure. 
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Investigation  of  the  surface  morphology  with  SEM  (Figure  7)  indicates  that  exposure  to  atomic 
oxygen  resulted  in  minor  changes.  The  surface  of  the  flight  sample  appears  to  have  been  slightly 
eroded  by  atomic  oxygen,  although  not  as  extensively  as  the  Chemglaze  A276  sample.  As  with 
Chemglaze  A276,  the  erosion  was  probably  due  to  atomic  oxygen  erosion  of  the  binder. 
However,  in  this  case,  erosion  of  the  silicone  is  much  less  than  the  polyurethane  used  in  the 
Chemglaze  paints.  Erosion  of  the  S13GLO  binder  was  not  observed  on  M0003  LDEF 
samples. 

Figure  8  gives  the  pre-flight  and  post-flight  FTIR  spectra  for  the  TE  S13GLO  sample.  Some 
decreased  absorbance  is  noted  for  the  sample  after  the  exposure.  There  is  a  significant  but  small 
decrease  in  the  absorption  at  3(X)0  cm'^  due  to  the  C-H  stretch,  indicating  oxidative  removal  of 
the  methyl  groins  attached  to  the  silicone  polymer.  This  effect  has  been  observed  on  earlier 
EOIM  flights. 

XPS  post-flight  analysis  showed  a  significant  decrease  in  the  surface  carbon  concentration,  an 
increase  in  the  surface  silicon  concentration,  and  a  small  increase  in  the  surface  oxidation  relative 
to  the  pre-flight  analysis  (Table  3).^^  The  increase  in  silicon  concentration  is  probably  due  to 
contaminant  deposition,  although  it  is  impossible  to  distinguish  between  the  possible  sources  of 
silicon  (contaminant  silicones,  methyl  silicone  binder,  potassium  silicate  encapsulate).  The 
charge-corrected  binding  energy  of  the  Si2p  peak  shifted  by  about  half  a  volt  (from  103.2  eV  to 
103.8  eV)  between  pre-  and  post-exposure  analyses  for  the  S13GLO  samples  exposed  to  atomic 
oxygen.  This  indicates  that  silica  was  the  predominant  state  on  all  surfaces,  but  some  additional 
oxidation  of  residual  surface  Silicones  or  silicates  probably  took  place  during  the  atomic  oxygen 
exposures.  The  increase  in  potassium  and  larger  increase  in  zinc  signal  indicates  that  some  loss 
of  surface  binder  occurred. 


Preflight  Postflight 


Figure  7.  SEM  photographs  of  EOIM3-2-1,  S13GLO  LDEF  TE,  before  (left) 
and  after  (right)  atomic  oxygen  exposure. 
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Figure  8.  FTIR  spectra  of  EOIM3-2- 1 ,  S 1 3GLO  LDEF  TE,  before  and  after 
atomic  oxygen  exposure. 


The  sample  weight  (Table  1)  increased  slightly  during  the  EOIM-III  experiment.  However,  it  did 
not  increase  as  much  as  for  the  S13GLO  (LE,  contaminated)  sample,  which  was  relatively  inert  to 
atomic  oxygen  exposure  (see  next  section).  These  facts  are  consistent  with  the  hypothesis  that 
atomic  oxygen  erosion  of  the  methyl  silicone  binder  did  occur,  but  the  total  weight  loss  was 
slightly  less  than  the  weight  gain  due  to  flight  contamination  or  re-absorbed  water  vapor. 

5.3  S13GLO  (LE,  contaminated) 

The  S13GLO  sample  from  the  side  of  the  SCU  cover  on  the  leading  edge  of  LDEF  was  recov¬ 
ered  still  visibly  contaminated  with  a  brown  “nicotine”  stain.  The  post-flight  photo  of  this  sam¬ 
ple  is  shown  in  Figure  9.  The  reflectance  spectra  in  Figure  10  indicate  very  little  change  resulting 
from  atomic  oxygen  exposure;  the  solar  absorptance  increased  insignificantly  from  0.507  to 
0.515  (Table  2). 
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Figure  9.  Post-flight  photo  of  EOIM3-3-1,  S13GLO  LDEF  LE 
(contaminated). 


Wavelength,  nm 


Figure  10.  Reflectance  spectra  of  EOIM3-3-1,  S13GLO  LDEF  LE 
(contaminated),  before  and  after  atomic  oxygen  exposure. 


The  SEM  photographs  in  Figure  1 1  show  a  significantly  different  surface  morphology  than  the 
S13GLO  LDEF  TE  sample,  presumably  due  to  the  contamination  layer.  From  the  SEM  pho¬ 
tographs,  it  appears  that  the  contamination  layer  grows  from  nucleation  sites  on  the  surface  in  an 
upward  direction,  away  from  the  surface.  Both  the  flight  sample  (after  atomic  oxygen  exposure) 
and  the  control  sample  (no  atomic  oxygen  exposure)  have  similar  surface  morphologies,  indicat¬ 
ing  that  atomic  oxygen  had  little  effect  on  this  contamination  layer. 


The  FTIR  spectra  for  the  LE  S13GLO  sample  are  given  in  Figure  12.  Essentially  no  changes 
occurred  due  to  the  atomic  oxygen  exposure.  Overall  absorption  changes  are  evident  due  to 
thickness  differences  in  different  areas  of  the  paint  sample. 


Preflight  Postflight 


Figure  1 1 .  SEM  photographs  of  EOIM3-3-1 ,  S 1 3GLO  LDEF  LE 

(contaminated),  before  (left)  and  after  (right)  atomic  oxygen 
exposure. 


Wavenumbers  (cm-1) 


Figure  12.  FTIR  spectra  of  EOIM3-3- 1 ,  S 1 3GLO  LDEF  LE  (contaminated), 
before  and  after  atomic  oxygen  exposure. 


Post-flight  XPS  analysis  of  the  sample  showed  very  little  significant  change  in  the  surface  com¬ 
position  (Table  3).  A  small  decrease  in  the  surface  carbon  concentration  was  noted.  The  con¬ 
tamination  layer  from  the  LDEF  exposure  appears  to  be  quite  stable  to  further  atomic  oxygen 
exposure.  The  binding  energy  of  the  Si2p  peak  indicates  that  the  predominant  surface  state  is 
silica,  which  is  consistent  with  its  stability  to  the  space  environment. 

The  sample  weight  increased  after  the  EOIM-III  exposure  (Table  1).  The  sample  analyses  show 
that  this  sample  was  relatively  inert  to  atomic  oxygen,  thus  causes  for  the  apparent  weight  gain  are 
unknown.  However,  it  may  be  unique  to  the  material  S13GLO  since  both  EOIM-EH  samples 
gained  weight.  Reabsorbed  water  is  a  possible  source. 

5.4  Z306  (TE,  contaminated) 

The  sample  of  Z306  from  the  trailing  edge  of  LDEF  flown  on  EOIM-ni  exhibited  only  a  slight 
change  in  its  reflectance  post-flight,  resulting  in  a  negligible  increase  in  its  solar  absorptance 
from  0.955  to  0.960  (Table  2).  Visually  the  sample  appeared  the  same  as  before  the  flight 
(Figure  13).  The  reflectance  spectra  are  shown  in  Figure  14.  However,  XPS  and  SEM  results 
indicate  that  significant  changes  did  occur  due  to  atomic  oxygen  erosion. 


Figure  13.  Post-flight  photo  of  EOIM3-4-1,  Z306  LDEF  TE  (contaminated). 
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Figure  14.  Reflectance  spectra  of  EOIM3-4- 1,  Z306  LDEF  TE  (contaminated), 
before  and  after  atomic  oxygen  exposure. 

The  XPS  data  in  Table  3  show  a  significant  loss  of  surface  carbon,  which  may  be  due  to  a  loss  of 
either  carbon-black  pigment  and/or  polyurethane  binder.  A  decrease  of  surface  nitrogen  concen¬ 
tration  indicates  a  minor  loss  of  surface  binder.  The  large  preflight  surface  silicon  is  due  to  the 
contamination  layer  on  the  sample.  The  increase  in  silicon  may  be  due  to  flight  contamination  or 
the  exposure  of  a  silicate  filler  due  to  erosion  of  the  binder. 

The  surface  morphology  of  the  Z306  sample  was  clearly  altered,  as  indicated  by  the  SEM  pho¬ 
tographs  in  Figure  15.  The  flight  sample  has  what  appears  to  be  a  pitted  or  cratered  surface, 
where  portions  of  the  surface  were  eroded  away.  This  effect  is  not  uniform  across  the  surface, 
resulting  in  fairly  large  craters  or  pits.  In  contrast,  the  control  sample  has  a  fairly  uniform  tex¬ 
ture,  evenly  distributed  over  the  entire  surface.  The  reasons  for  this  erosion  behavior  are  not 
understood. 

The  FTIR  spectra  for  this  sample  as  shown  in  Figure  16  do  not  indicate  any  significant  chemical 
changes  in  the  sample  due  to  the  atomic  oxygen  exposure. 
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Preflight  Postflight 


Figure  15.  SEM  photographs  of  EOIM3-4-1 ,  Z306  LDEF  TE  (contaminated), 
before  (left)  and  after  (right)  atomic  oxygen  exposure. 
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Figure  16.  FTIR  spectra  of  EOIM3-4-1,  Z306  LDEF  TE  (contaminated), 
before  and  after  atomic  oxygen  exposure. 

The  Z306  sample  experienced  weight  loss  due  to  the  EOIM-III  exposure  (Table  1).  This  weight 
loss  is  consistent  with  the  erosion  of  the  surface;  however,  the  magnitude  of  this  erosion  appears 
more  significant  than  indicated  by  the  sample  weight  change.  Some  of  this  erosion  could  have 
been  offset  by  a  weight  gain  due  to  contamination  during  the  flight  exposure. 
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5.5  Anodized  Aluminum  (TE,  contaminated) 

The  anodized  aluminum  sample  from  the  trailing  edge  of  LDEF  with  a  visible  contamination 
layer  is  shown  in  Figure  17,  post-flight.  The  sample  exhibited  an  increase  in  its  reflectance  post¬ 
flight  (Figure  18),  resulting  in  a  decrease  in  its  solar  absorptance  from  0.394  to  0.330  (Table  2). 
The  preflight  XPS  analysis  indicated  that  the  sample  was  contaminated  with  a  layer  of  silica  and 
silicones/silicates  based  on  the  Si2p  peak. 


.  -  EOIM  3-9 

LDEF  Anodized 
Alumimini  #1-1 


Figure  1 7 .  Post-flight  photo  of  EOIM3-5- 1 ,  anodized  aluminum  LDEF  TE 
(contaminated). 


500  1000  1500  2000  2500 
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Figure  18.  Reflectance  spectra  of  EOIM3-5-1,  anodized  aluminum  LDEF  TE 
(contaminated),  before  and  after  atomic  oxygen  exposure. 
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Post-flight  surface  analysis  showed  additional  surface  deposition  of  silicon,  increased  surface  oxi¬ 
dation,  and  decreased  surface  carbon  concentration.  The  silicon  concentration  increased  by  5 
atom  %,  with  new  contaminant  deposition.  The  decreased  carbon  signal,  combined  with  the 
increased  aluminum  substrate  signal,  indicates  that  a  significant  portion  of  the  carbon  in  the  con¬ 
taminant  layer  was  removed  by  atomic  oxygen  during  the  flight.  The  increased  silicon  signal 
gives  the  most  reliable  data  of  the  five  samples,  indicating  that  contamination  occurred  during  the 
EOIM-III  mission.  The  FTIR  spectra  shown  in  Figure  19  indicate  that  the  contaminant  layer  has 
probably  been  thinned  due  to  the  exposure.  Even  with  the  silicon  contamination,  the  sample  still 
lost  weight,  eis  indicated  in  Table  1. 


Wavenumbers  (cm-1 ) 


Figure  19.  FTIR  spectra  of  EOIM3-5-1,  anodized  aluminum  LDEF  TE 
(contaminated),  before  and  after  atomic  oxygen  exposure. 
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6.  Comparison  to  Ground-Based  Experiments 


For  comparison  to  the  EOIM-in  results,  two  LDEF  samples  of  Chemglaze  A276  (TE)  and 
S13GLO  (TE)  similar  to  the  samples  flown  on  EOIM-III  were  exposed  in  the  Hyperthermal 
Atomic  Oxygen  Facility  at  Los  Alamos  National  Laboratory  (LANL).  These  samples  were  cut 
from  the  same  areas  as  the  EOIM-III  specimens. 

The  atomic  oxygen  facility  at  LANL  consists  of  a  continuous-wave  laser  sustained  discharge 
source  producing  0-atoms  having  a  variable  energy  of  1  to  5  eV  at  a  flux  of  10^^  to  10^^ 
atoms/cm^'s.  A  detailed  description  of  the  facility,  including  flux  calculations,  has  been  pub¬ 
lished.  In  this  experiment,  exposures  were  made  using  a  50%  Ar/50%  O2  gas  mixture,  with 
an  estimated  dissociation  of  O2  of  95%.  The  kinetic  energy  of  the  atoms  was  2  eV  with  a  full- 
width-half  maximum  on  the  energy  distribution  curve  of  1.5  eV.  The  total  atomic  oxygen  expo¬ 
sure  for  the  samples  was  2.0  x  lOr^  atoms/cm^  for  Chemglaze  A276  and  1.6  x  10^®  atoms/cm^ 
for  S13GLO,  which  were  similar  to  the  total  sample  exposures  on  EOIM-III. 

6.1  Chemglaze  A276  (TE) 

The  LANL  Chemglaze  A276  sample  showed  similar  effects  to  the  EOIM-IH  flight  sample. 
Visually,  the  sample  changed  from  brown  to  white,  as  evidenced  by  the  increased  reflectance 
below  1500  nm  (Figure  20)  and  the  decreased  solar  absorptance  from  0.536  to  0.258  (Table  2). 
In  comparison  with  the  reflectance  data  obtained  from  EOIM-IH  on  the  same  material,  the  LANL 
paint  sample  exhibited  greater  increased  reflectance  post-test  than  the  flight  sample.  Since  both 
samples  received  the  same  atomic  oxygen  dose,  the  reasons  for  this  are  not  clear. 
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Figure  20.  Reflectance  spectra  of  EOIM3-1-3,  Chemglaze  A276  LDEF  TE, 
before  and  after  atomic  oxygen  exposure  at  LANL. 
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Atomic  oxygen  erosion  of  the  polyurethane  binder  accounts  for  the  changes  in  the  surface  mor¬ 
phology,  as  evident  in  the  SEM  photographs  in  Figure  21.  Like  the  EOIM-III  flight  sample, 
exposure  of  the  sample  to  atomic  oxygen  at  LANL  resulted  in  preferential  erosion  of  the 
polyurethane  binder,  resulting  in  enrichment  of  titanium  dioxide  pigment  at  the  surface. 

The  XPS  data  for  the  Chemglaze  A276  sample  is  shown  in  Table  3.  Comparable  decreases  in 
surface  carbon  concentration,  about  40%  relative,  were  noted  after  AO  exposure  at  LANL  and  on 
EOIM-III.  As  discussed  earlier,  this  loss  of  carbon  is  most  likely  due  to  the  reaction  of  atomic 
oxygen  with  the  polyurethane  binder  and  surface  contamination,  creating  volatile  molecules  that 
leave  the  surface.  The  surface  silicon  is  probably  due  to  surface  contamination.  However,  some 
fraction  of  the  relative  increase  in  the  surface  silicon  concentration  could  be  due  to  the  loss  of 
surface  carbon  or  to  the  aluminum  silicate  filler  that  is  present  in  the  chemglaze  paints.  Both  the 
EOIM-III  sample  and  the  LANL  sample  experienced  similar  increases  in  the  silicon  concentra¬ 
tions.  Based  on  the  Si2p  binding  energy,  the  predominant  state  of  silicon  appears  to  be  silica.^  ^ 
Similar  to  the  EOIM-III  sample,  an  increase  in  aluminum  concentration  is  observed,  which  is 
attributed  to  the  aluminum  silicate  filler.  Importantly,  no  cracking  or  delaminations  were  seen  in 
either  the  LANL  or  EOIM-III  sample.  Thus,  the  aluminum  signal  is  not  due  to  the  paint 
substrate. 
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Figure  21 .  SEM  photographs  of  EOIM3-1-3,  Chemglaze  A276  LDEF  TE, 
before  (left)  and  after  (right)  atomic  oxygen  exposure  at  LANL. 
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6.2  S13GL0  (TE) 

The  S13GL0  TE  sample  lightened  during  the  ground-based  atomic  oxygen  exposure  at  LANL, 
but  visually  it  did  not  lighten  as  much  as  the  EOIM-HI  flight  sample.  However,  the  change  in  the 
reflectance  curve  (Figure  22)  is  similar  to  the  change  observed  for  the  flight  sample  (Figure  6). 
The  change  in  solar  absorptance  from  0.422  to  0.386  is  a  little  over  half  that  observed  for  the 
flight  sample  (Table  2). 

Investigation  of  the  surface  morphology  with  SEM  (Figure  23)  shows  slight  changes  due  to 
atomic-oxygen  exposure.  These  changes  are  minor  and,  again,  qualitatively  less  than  observed 
for  the  EOIM-in  sample. 
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Figure  22.  Reflectance  spectra  of  EOIM3-2-3,  S13GLO  LDEF  TE,  before  and 
after  atomic  oxygen  exposure  at  LANL. 
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Figure  23.  SEM  photographs  of  EOIM3-2-3,  S13GLO  LDEF  TE,  before  (left) 
and  after  (right)  atomic  oxygen  exposure  at  LANL. 


The  pre-exposure  XPS  analysis  of  the  LANL  sample  indicated  surface  composition  similar  to  the 
EOIM-III  flight  sample  (Table  3).  Post-experiment  analyses  of  the  LANL  AO  experiment  sam¬ 
ple  and  the  EOIM-III  flight  sample  showed  similar  decreases  in  surface  carbon  concentration, 
increases  in  surface  silicon  concentration,  and  increases  in  surface  oxygen.  The  decrease  in 
surface  carbon  concentration  of  30%  relative  is  due  to  the  loss  of  volatile  molecules  formed  by 
atomic  oxygen  reactions,  and  also  accounts  for  much  of  the  relative  increases  in  surface  silicon 
and  oxygen  concentrations.  The  Si2p  binding  energy  indicates  that  the  predominant  state  on 
both  surfaces  is  Si02.  Additionally,  a  shift  in  the  charge-corrected  binding  energy  of  this  peak  of 
about  half  a  volt  indicates  that  some  additional  oxidation  of  residual  surface  silicones  or  silicates 
probably  occurred  during  LANL  AO  exposure.^  ^ 

Increases  in  surface  potassium  and  zinc  only  occurred  on  the  EOIM-III  sample,  indicating  that 
the  LANL  AO  experiment  sample  did  not  experience  a  significant  loss  of  surface  binder.  In 
contrast,  the  EOIM-III  sample  showed  an  increase  in  potassium  and  a  large  increase  in  zinc,  indi¬ 
cating  that  some  loss  of  binder  did  occur.  This  difference  may  be  caused  by  differences  in  ther¬ 
mal  cycling  and  VUV  exposure  between  the  two  AO  exposure  environments.  Additionally,  the 
EOIM-III  sample  was  exposed  to  a  25%  greater  fluence  than  the  ground-based  LANL  AO  expo¬ 
sure  sample,  which  could  directly  affect  the  amount  of  binder  removed  from  the  surface.  AO 
exposure  at  LANL  also  resulted  in  a  60%  relative  decrease  in  surface  nitrogen,  while  no  decrease 
was  noted  for  the  EOIM-III  sample.  This  discrepancy  may  indicate  that  nitrogen-containing 
contaminant  deposition  occurred  on  EOIM-III,  balancing  nitrogen  loss  due  to  AO  reactions.^  ^ 
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7.  Summary 


The  results  from  EOIM-III  are  consistent  with  the  results  and  conclusions  from  LDEF.  Several 
generalizations  can  be  made: 

•  Exposure  of  retrieved  TE  LDEF  paints  to  atomic  oxygen  either  in  ground-based 
facilities  or  on  Shuttle  sorties  approximates  LE  phenomena  observed  on  LDEF. 

•  While  quite  similar  results  were  obtained  between  EOIM-III  and  LANL  exposure 
studies,  there  are  some  small  differences  in  the  response  of  the  paints  to  these  two 
environments. 

•  Organic  paint  binders  such  as  methyl  silicone  or  polyurethane  react  with  atomic 
oxygen  to  form  volatile,  carbon-based  molecules  that  are  removed  from  the  paint 
surface. 

•  The  methyl  silicone  binder  in  S13GLO,  although  still  susceptible  to  reaction  with 
atomic  oxygen,  is  not  as  reactive  as  the  Chemglaze  A276  polyurethane  binder. 

•  Depending  on  the  chemical  composition  of  the  paint  binder,  erosion  can  occur 
that  results  in  the  exposure  of  pigment  particles,  which  can  affect  the  solar  absorp- 
tance  of  the  paint  surface. 

•  The  polyurethane  binder  in  Chemglaze  A276  degrades  upon  exposure  to  UV 
radiation,  resulting  in  a  significant  increase  in  solar  absorptance.  Exposure  of  this 
surface  to  atomic  oxygen  results  in  erosion  of  the  binder  surface  layers,  resulting 
in  enrichment  of  titanium  dioxide  pigment  at  the  surface  and  a  significant 
decrease  in  solar  absorptance. 

•  Silicones  and/or  silicates  tend  to  be  oxidized  by  atomic  oxygen  to  form  silica, 

Si02.  Erosion  of  the  silicone  occurs  at  the  methyl  groups,  leading  to  a  silicate  and, 
eventually,  silica. 

•  Not  all  surfaces  are  susceptible  to  atomic  oxygen  erosion,  as  displayed  by  the 
contamination  layer  on  the  S13GLO  LE  sample. 

•  Contaminated  surfaces  containing  silicones  that  have  been  oxidized  to  silicates  or 
silica  are  resistant  to  further  erosion. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect-engineer"  for  national  security 
programs,  specializing  in  advanced  military  space  systems.  The  Corporation's  Technology 
Operations  supports  the  effective  and  timely  development  and  operation  of  national  security 
systems  through  scientific  research  and  the  application  of  advanced  technology.  Vital  to  the 
success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and  its  ability  to  stay 
abreast  of  new  technological  developments  and  program  support  issues  associated  with  rapidly 
evolving  space  systems.  Contributing  capabilities  are  provided  by  these  individual  Technology 
Centers: 

Electronics  Technology  Center:  Microelectronics,  solid-state  device  physics, 

VLSI  reliability,  compound  semiconductors,  radiation  hardening,  data  storage 
technologies,  infrared  detector  devices  and  testing;  electro-optics,  quantum  electronics, 
solid-state  lasers,  optical  propagation  and  communications;  cw  and  pulsed  chemical 
laser  development,  optical  resonators,  beam  control,  atmospheric  propagation,  and 
laser  effects  and  countermeasures;  atomic  frequency  standards,  applied  laser 
spectroscopy,  laser  chemistry,  laser  optoelectronics,  phase  conjugation  and  coherent 
imaging,  solar  cell  physics,  battery  electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization  of 
new  materials:  metals,  alloys,  ceramics,  polymers  and  their  composites,  and  new 
forms  of  carbon;  development  and  analysis  of  thin  films  and  deposition  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  development  and  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch 
vehicle  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  chemical  and 
electric  propulsion;  spacecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomechanics,  gas  kinetics  and  radiation;  lubrication  and  surface 
phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and 
cosmic  ray  physics,  wave-particle  interactions,  magnetospheric  plasma  waves; 
atmospheric  and  ionospheric  physics,  density  and  composition  of  the  upper 
atmosphere,  remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared 
astronomy,  infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere;  effects 
of  electromagnetic  and  particulate  radiations  on  space  systems;  space  instrumentation; 
propellant  chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
atmospheric  chemical  reactions,  atmospheric  optics,  light  scattering,  state-specific 
chemical  reactions  and  radiative  signatures  of  missile  plumes,  and  sensor  out-of-field- 
of-view  rejection. 


